Analysis of sperm chromosomes by G-banding and twocolour fluorescence in-situ hybridization (FISH) was carried out in the father of a child with a de-novo reciprocal translocation t(11;15)(q12;q22). Sperm chromosome complements were obtained after in-vitro fusion of zona-free hamster oocytes and donor spermatozoa. A total of 112 sperm complements was first analysed by G-banding. The frequency of structural chromosome aberrations (9.8%) and the conservative frequency of aneuploidy (0.0%) were not significantly different from those obtained in our control donors. The proportions of X-bearing (53.2%) and Ybearing (46.8%) spermatozoa were not significantly different from the expected 1:1 ratio. A total of 313 sperm complements was analysed by two-colour FISH. The frequency of structural abnormalities for chromosomes 11 and 15 was 3.2 and 0.3% respectively. The frequency of rearrangements for chromosome 11 was statistically significant when compared with control donors (0.4%) (P < 0.0001). No spermatozoa with the t(11;15)(q12;q22) translocation were observed, showing no evidence for a germ-cell mosaicism. These results suggest that the denovo involvement of chromosome 11 in a structural rearrangement is not random, and that in this patient an increased risk of de-novo structural chromosome abnormalities in further offspring does exist.
Introduction
De-novo structural chromosome abnormalities in the offspring can be a consequence of germinal mosaicism, expression of fragility in germ cells or a random event produced during gametogenesis in the parents. The parental origin of de-novo structural chromosome abnormalities was studied by Olson and Magenis (1988) , using chromosome heteromorphisms in 32 cases that were not Robertsonian translocations or rearrangements involving segregation errors. They found that 27 (84%) of the cases were of paternal origin. This strong 60 © European Society for Human Reproduction and Embryology bias towards paternal meiotic repair errors could be mainly explained by the continuous cell divisions that take place in spermatogenesis throughout the reproductive lifetime. DNA damage by environmental agents to spermatogonia and mature spermatozoa could give rise to a higher frequency of structural chromosome rearrangements in the male (reviewed in Chandley, 1991) .
Chromosome fragility has been suggested as a risk factor for de-novo structural chromosome rearrangements in the offspring (Garcia-Sagredo et al., 1984; Tommerup et al., 1985; Martin 1986; Voullaire et al., 1987; Warburton 1991; Behjati et al., 1997) , although in general, the fragile sites expressed by the parents do not coincide with the breakpoints involved in the de-novo rearrangements. A positive association between fragile sites, breakpoints in sperm chromosomes and breakpoints in structural rearrangements was found by Fuster et al. (1989) . More recently, a correlation between sperm chromosome breakpoints and sites of de-novo structural abnormalities detected at prenatal diagnosis has been described (Estop et al., 1995) , in agreement with the data on the preferential paternal origin of de-novo structural rearrangements. However, the association between fragile sites and constitutional chromosome breakpoints in spontaneous abortions, stillbirths and newborns remains unclear. While some somatic studies seem to reveal a direct association between them (Hetch and Hetch, 1984a,b; Cohen et al., 1996) , other studies exclude any association (Davis and Hagaman, 1987; Mariani et al., 1995) .
Cytogenetic analysis of spermatozoa in the fathers of affected individuals would be of great importance to establish the aetiology of the abnormalities, as well as to determine the recurrence risk in further offspring. However, up to now, only one study has been performed in the father of two children with the same de-novo del(13)(q22q32) (Brandriff et al., 1988) .
In this paper, we present results obtained from the analysis of sperm complements by G-banding and two-colour fluorescence in-situ hybridization (FISH) in the father of a child with a de-novo reciprocal translocation t(11;15)(q12;q22), to determine if the frequency of structural aberrations, particularly for chromosomes 11 and 15, was increased in comparison with control men.
Materials and methods
A phenotypically normal girl presented with a de-novo reciprocal translocation t(11;15)(q12;q22), ascertained by amniocentesis because of advanced maternal age. A partial karyotype of the normal and rearranged chromosomes 11 and 15 is presented in Figure 1 . Parental karyotypes were normal (46, XX and 46, XY) . Four semen samples were obtained from the father, a 36 year old male, reported to be free of exposure to any known mutagen, clastogen, radiation or drugs. Liquefied semen samples were processed and frozen in liquid nitrogen following the protocol described by Yavetz et al. (1991) .
Human sperm metaphases were obtained after in-vitro fusion of zona-free hamster oocytes with human sperm as described by Martin (1983) with some modifications (Benet et al., 1991) . Sperm metaphases were sequentially analysed, by G-banding (Benet et al., 1986) followed by two-colour fluorescence in-situ hybridization using whole chromosome paint probes for chromosomes 11 and 15 simultaneously. Metaphases not analysable by G-banding (poor quality, overlapped chromosomes, decondensed chromosomes) could be analysed by FISH only.
The control donors were 19 men, aged 18-40 years, with either normal or balanced karyotypes. Since no statistical differences for the frequencies of structural and numerical abnormalities between donors with normal karyotypes and carriers of balanced structural abnormalities were observed, the results of both groups were pooled as a control group. They were not evaluated by FISH. They were analysed after solid Leishman's stain and were sequentially reanalysed after G-banding.
Prior to in-situ hybridization, slides were destained in ethanol series (50, 90, 100%) and finally rinsed with deionized water. Whole chromosome paint probes for chromosome 11 and 15 directly labelled with Spectrum Green (WCP 11; Spectrum Green: Vysis Inc., Downers Grove, IL, USA) and Spectrum Orange (WCP 15; Spectrum Orange: Vysis Inc.) respectively were used for the FISH study. Dual FISH was performed according to manufacturer's instruction, and sperm metaphases were scored using an Olympus AX70 epifluorescence microscope equipped with a triple-band pass filter for DAPI/Texas Red/FITC and single-band pass filters for FITC and Texas Red.
Chromosome abnormalities were classified according to the International Nomenclature System (ISCN, 1995) . Chromosome lesions were classified as breaks only when lateral displacement or change of polarity of the fragments was observed. Comparisons with fragile sites were carried out using those described by Human Gene Mapping 11 (1991) . To avoid technical artefacts, hypohaploid complements were not taken into account to calculate the incidence of aneuploidy; this incidence was calculated as twice the frequency of hyperhaploidy.
Data were statistically analysed by using a two tailed Fisher's exact test and a χ 2 test.
Results

G-banding
A total of 112 sperm chromosome complements was analysed by G-banding prior to performing fluorescence in situ hybridization on the same spreads. Chromosome abnormalities were found in 29 (25.9%) of the analysed metaphases (Table  I) . Eight sperm complements (7.1%) contained structural abnormalities, 18 complements (16.1%) were aneuploid and three spermatozoa (2.7%) had structural and numerical abnormalities. The frequency of hypohaploid complements was 21 (18.7%). No hyperhaploid sperm complements were found, giving a frequency of conservative aneuploidy (2ϫ hyperhaploidy) of 0%. All 11 structural abnormalities were unstable aberrations: eight breaks (72.7%), two gaps (18.2%) and one acentric fragment (9.1%). Two of the 10 breakpoints involved (1q31 and 11q14) coincided with fragile sites (Table II) . The frequencies of X-and Y-bearing spermatozoa were 53.2 and 46.8% respectively. These proportions were not significantly different from the theoretical 50%. One spermatozoon did not show either X or Y chromosome.
Fluorescence in-situ hybridization
A total of 313 sperm complements was analysed by twocolour FISH using whole chromosome paint probes for chromosomes 11 (WCP11) and 15 (WCP15). The hybridization efficiency was 94.6%. The frequencies of structural chromosome abnormalities for chromosomes 11 and 15 were 10 (3.2%) and 1 (0.3%) respectively. For chromosome 11, nine breaks and one gap were observed (Table III) . For chromosome 15, only one break was detected. A chromosome gap and a chromosome break for chromosome 11 sequentially analysed by G-banding and FISH are shown in Figures 2 and 3 respectively.
Discussion
The sequential G-banding-FISH technique in the cytogenetic analysis of spermatozoa in the father of a child with a denovo t(11;15)(q12;q22) was very useful for the purpose of this study. With G-banding, it was possible to detect chromosome abnormalities related and unrelated to the translocation, in order to establish the general frequency of structural and numerical abnormalities in this individual. In addition, this technique allowed the precise location of the breakpoints of the rearrangements observed. Moreover, the use of FISH allowed the analysis of a larger number (313) of sperm metaphases, including those of poorer quality, than G-banding alone (112).
The total frequency of spermatozoa with structural chromosome rearrangements in our patient (9.8%), analysed by G-banding, was not significantly different from the frequencies obtained in our control donors (see above, 6.9%) (Benet et al., 1992) . The higher incidence of hypohaploidy (18.7%) versus hyperhaploidy (0%) observed in this study was considered to be a technical artefact, as reported by most authors (reviewed by Márquez et al., 1996) . Therefore, since no hyperhaploid complements were found, the frequency of conservative aneuploidy was 0%, which was within the limits observed in our control donors (Templado et al., 1996) and in the literature (reviewed by Guttenbach et al., 1997) . Similar results were obtained by Brandriff et al. (1988) , in the study of a denovo del(13)(q22q32), with a frequency of spermatozoa with structural chromosome aberrations of 9.7%. As in other sperm chromosome studies, the most common rearrangements observed in our study were unstable aberrations. Chromosome breaks were the most common aberration, followed by chromosome gaps. These abnormalities probably arise from DNA damage in late spermatogenesis, in spermatids or mature spermatozoa; the latter are the only germ cells lacking DNA repair systems (Sega, 1976; Working and Butterworth, 1984) . These DNA lesions can persist in the spermatozoa until the S phase, after which they change into chromosome-type aberrations in the fertilized egg .
Some authors have suggested that a strong association exists among fragile sites, breakpoints in sperm chromosomes and breakpoints in structural chromosome rearrangements Estop et al., 1995) . This high degree of coincidence would support the hypothesis that expression of chromosome fragility in spermatozoa can result in the loss of chromosome fragments or give rise to de-novo structural rearrangements (Martin 1986; Benet et al., 1989) . However, in this study, none of the breakpoints found in chromosome 11 and 15 coincided with those involved in the translocation (11q12 and 15q22). With regard to fragile sites, only 20% (2/10) of the breakpoints precisely located by G-banding coincided with fragile sites (Table II) . One of these two breakpoints was found in chromosome 11 (11q14). This lack of association between the breakpoints scored in our study and fragile sites could result from the relatively small number of sperm complements analysed by G-banding if compared with the 2389 sperm complements from 19 donors analysed by Estop et al. (1995) . Breakpoints and fragile sites were analysed at the 400-band resolution level (ISCN, 1995) . Therefore, our earlier G-banded results seemed to suggest that the translocation t(11;15)(q12;q22) would have arisen at random and that the risk of chromosome abnormalities in further offspring would not be increased in comparison to control men. However, taking into account the results obtained by FISH, after the analysis of a much larger number of spermatozoa than by G-banding, we observed a frequency of 3.2% (10/313) sperm complements showing structural chromosome abnormalities involving chromosome 11. This frequency was statistically significant (P Ͻ 0.0001) if compared with the frequency of structural chromosome abnormalities for chromosome 11 (0.4%) found by Estop et al. (1995) in a series of 2389 sperm complements from donors with either normal or balanced karyotypes. In contrast, the frequency of structural abnormalities for chromosome 15 was 0.3% (1/313), which was not statistically increased with regard to the results of Estop et al. (1995) (0.2%). These frequencies (3.2 and 0.3%) were not statistically different from those obtained in the Gbanded series (1.8 and 0.0%), excluding in the FISH series the complements also analysed by G-banding, and therefore removing any bias towards an increased frequency of chromosome abnormalities in the FISH series. No evidence for a germinal mosaicism was found, since no sperm complements showing a t(11;15)(q12;q22) were observed. The rearrangement probably did not arise at random, but was related to the increased tendency to breakage of chromosome 11 in the spermatozoa of the father.
This study seems to indicate that an increased tendency to chromosome breakage in sperm could give rise to de-novo structural chromosome abnormalities in the offspring. In our patient, although the initial G-banded series indicated that the total risk of producing chromosomally abnormal offspring or spontaneous abortions was not increased, the FISH series revealed a significantly increased tendency to breakage for chromosome 11. This tendency could increase the risk for denovo structural rearrangements involving chromosome 11 in future offspring. The expected frequencies of breaks and gaps for chromosomes 11 and 15 related to their size were six and five respectively, and the corresponding observed frequencies were 10 and one. The observed and expected frequencies were not significantly different (P ϭ 0.063, two-tailed Fisher's exact test), although these results suggest that there may be a tendency to an increased frequency of breaks in chromosome 11 unrelated to its size. Further studies will be needed to elucidate the relationship between chromosome breakage in human spermatozoa and de-novo structural chromosome rearrangements and to know more about the aetiology of these abnormalities.
